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VISUAL COMPENSATOPY TRACKING PERFOPMANCE
AFTER EXPOSURE TO FLASHRLINDING PULSEY:

I. COMPARISON OF HUMAN AND RHESUS MONKEY SUBJECTS

INTRODUCTION AND BACKGROUND

To be effective in modern combat, Air Force flight and ground crews will
be required to maintain performance in an environment saturated with electro-
magnetic radiation. This environment may well include laser light, either
deliberately or accidentally directed into the eyes of combatants or support
personnel.

Thresholds for minimally detectable eye damage have been predicted (5,
6), but little is known about the reactions of people performing visually ori-
ented tasks when they are suddenly exposed to visible coherent radiation at
energy levels below the threshold. To explore the immediate effects of laser
radiation near the threshold, future experiments will use rhesus monkey sub-
jects in compensatory tracking tasks during which their eyes will be exposed
to coherent light. Performance imnediately after irradiation will be moni-
tored to detect possible flashblindness effects. Because of the high levels
of radiation, the use of human subjects is inappropriate for such exposures
even though no eye damage is likely to be sustained. Using monkeys as human
analogues, however, is subject to problems of extrapolation; therefore, a ver-
ification of the validity of this procedure is necessary. Such is the objec-
tive of the present experiment.

A considerable body of flashblindness literature exists, most of it gen-
erated in attempts to quantify and protect against the effects of accidentally
viewing a nuclear fireball. The research was conducted primarily in the
1950's and 1960's, and was plagued by lack of standardization and inconsisten-
cies in results (2, 7). Most of this literature concerns effects of extremely
high intensity light sources, producing flashblindness recovery times of the
order of minutes. Such exposures are not germane to the present research;
preliminary exposures of rhesus monkey subjects to laser light of sub-damage-
threshold intensities indicate that the flashblindness times of interest will
be of the order of 0-4 sec.

A recent study by Dickson. using a tungsten-halogen lamp and illuminating
a 3-mm-diameter retinal spot with a total energy of 26 uJJ, produced flash-
blindness recovery times of 3-5 sec in human subjects viewing static targets
(4). We decided to duplicate these conditions for the present tests, with a
slightly reduced energy (21 1J), to attempt to produce recovery times of 2-4
sec. Performance in a compensatory tracking task was used to assess the
dependent variable because the rhesus subjects were already well trained in
compensatory tracking.

Thus the plan for this study was to train monkeys and humans to perform
identical compensatory tracking tasks, irradiate their retinas with light
spots of identical size and energy during tracking, then examine postirradia-
tion performance.



MATERIALS AND METHfDS

Rhesus Monkeys

Task--The task was compensatory tracking of a one-dimensional trajectory

generated by a Data General NOVA 800 digital computer with appropriate inter-

faces. A target ring and cursor were displayed on a video screen 1 in from the

subject. The ririg was 3 ,vii in diameter and remained stationary. The cursor

was a 2-min dot, driven in the vertical direction through a total range of

14 cii on the screen (a maximum of 7 ciim above or below the center of the target

ring). Target and cursor appeared black against a light background; con-

trasts of target and cursor were 0.2 with respect to the background, as deter-

mined by densitometer measurements.

The subject attempted to keep the cursor inside the target ring with com-

pensatory motions of a hand-operated control stick constrained to move in only

one dimension. The plant was linear, so equal stick movements produced equal

cursor movements regardless of stick position or velocity.

The task was performed with the subject using the right eye; the left eye

was blocked with a shutter. Each task trial lasted 45 sec and was followed by

a 15-sec rest period. A typical training or test session consisted of 30

trials; subjects were limited to one session per day.

Ten forcing functions, all modified sinusoids, were used for these tests;

one of the ten was chosen at random by the computer for each trial. Figure 1

shows plots of time vs uncorrected cursor position for five of the forcing

functions; the other five were identical to these except for reversed signs of

the Y-axis values.

Subject Training--Three adult male rhesus monkeys (Alacaca mutatta) were

used for this experiment. They were trained to the task using standard oper-

ant techniques with a shock avoidance paradigm; shock was administered via

electrodes placed on the monkeys' tails. Shock levels for all subjects were

in the range of 3-5 mA during training and testing.

In preliminary training stages a subject was presented with a shock when-

ever the cursor moved outside the target ring, the shock continuing until the

cursor reentered the ring. However, to avoid the possibility of "shock track-

ing" during flashblindness tests, the paradigm was modified in the final

training stages to the following: When the cursor left the target ring, a

clock was started by the computer and a time limit between 0 and 1.5 sec was

chosen at random. If the cursor reentered the circle within the time limit,

no shock was presented to the subject. If the cursor did not reenter within

the time limit, a shock was given; the intensity of the shock was proportional

to the time limit. As before, the shock ceased when the cursor reentered the

target ring. The shock logic was inoperative during the first 3 sec of all

trials to allow for target acquisition.

A subject was considered fully trained when it could maintain the cursor

inside the target ring 80% of the time after the initial 3-sec acquisition
period.
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Figure 1. Forcing functions used in rhesus-monkey anid human tasks. Ten

forcing functions were used: the above five, plus five identical
to these except for reversed signs of the Y-axis.

Experimental Apparatus--A simplified schematic of the experiment is shown
in Figur . A ubjec pefo rned the task sitting in a restraint chair in a
light- and sound-attenuated enclosure. A Stanford Research Institute Purkinje
Eye Tracker monitored right-eye position, using infrared light reflected from
the first and fourth Purkinje surfaces of the eye (front corneal surface and
rear lens surface, respectively). Information from the eye tracker was con-
tinuously fed to a decision box. When the eye was centered on the target ring
at an appropriate time, a signal was generated to open a precision shutter
(Vincent Associates, Uniblitz model) for 0.1 sec. This allowed a light beam
from a slide projector lamp to impinge on the subject's retina during perform-

during the first 5 and last 10 sec of a trial.

The above procedure required extreme accuracy in placing and maintaining
the subject's eye in the center of the light path. During experimental setup,
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Figure 2. Simplified schematic of experimental apparatus used for rhesus Mon-
key experiments. The heavy line encloses the light-attenuated
environment of the subject. The He-Ne alignment laser das ised
only for initial setup of the apparatus. Lamp voltage could be
varied with an adjustable regulator (not shown); this was used to
fix the exposure energy at 20.7 uJ. The ultraviolet (UV) and
infrared (IR) filters limited the exposure pulse Lo visible wave-
lengths (400-700 nm); lamp color teinperdture was 3400 K.
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the projector light beami was exactly aligned with the image of the target dis-
play. An artificial monkey eye was then placed in the center of the beam, and
the eye tracker was aligned so that the artificial eye registered a zero
deflection. At the beginning of each test session, the subject was placed in
a double-pillory neck-plate chair which positively positioned him in a rigid,
molded face mask (with large openings for eyes, nose, and mouth); the mask was
attached to a movable stage with controls outside the enclosure. The stage
was then finely adjusted in three dimensions so that the monkey's right eye
was brought to the same position as occupied by the artificial eye during ini-
tial alignment. This adjustment was made while the subject was performing a
task, so that the eye tended to remain fixated on the image of the target.
This procedure assured that the light beam would strike as closely as possible
to the center of the fovea during task-performance exposures.

Exposure Parameters--The light source was a tungsten-halogen slide pro-
jector lamp wit a color temperature of 3400 K at the intensity used for these
exposures. Ultraviolet and infrared filters provided wavelength cutoffs at
400 and 700 nm so that only visible light impinged on the cornea. The field
lens (see Fig. 2) was adjusted to produce a 3-mm-diameter spot at the focal
plane of an artificial monkey eye (equivalent to the surface of the retina).
With Lhe shutter open, a United Detector Technology model BOX power meter was
placed at the retinal position; then limp intensity was adjusted with a line
vo'tage regulator to produce a measured continuous output of 0.207 nmW. During
tests the shutter was normally closed and the lamp turned on to this cali-
brated setting; for exposures, the decision logic activated the shutter for
0.1 sec to provide the flashblinding pulse. Thus an experimental treatment
consisted of a 0.1-sec pulse depositing a total energy of 20.7 WJ on the
retina. The power meter was used to check exposure energy at regular inter-
vals throughout the testing period.

The 5-mm diameter of the artificial monkey-eye pupil was determined by
observing and measuring pupil sizes of subjects during task performance. For
this purpose, an infrared video camera was placed in the position of the field
lens shown in Figure 2. The video-monitor image was calibrated with an arti-
ficial eye of known dimensions, then videotapes of the performing monkeys were
used to measure pupil diameters. All were very close to 5 mm in the light-
attenuated environment of the testing enclosure.

The exposure energy of 20.7 muJ was beniqn. Retinal energy density
required to produce minimum visible lesions in 50% of macaques exposed to
white light under similar conditions (3-mm retinal spot, n.1-sec flash) is
approximately 0.42 cal/cm2 (8). The energy used in the present experiments
converts to 7.0 x 10-- cal/cm2 (see Appendix A); therefore, the exposures of
these tests fell below the damage threshold by a factor of 6000.

Subjects were exposed a maximum of four times per day; all exposures
occurred during the daily 30-trial session. Exposures were limited to one per
trial; at no time did two exposure trials occur successively.

Experimental Procedure--All three subjects underwent one 30-trial session
per day to maintain tracking proficiency, even if no exposure was to take
place. An experimental session was essentially identical to a training ses-
sion, except that during the first 10 trials fine adjustments ware made with
the outside control- of the movable stage holding the subject's head. This

7



was to align the right eye in the center of the beam path and the field of the
eye tracker. Exposures were made during the final 20 trials of the session.

Alignment was not always possible. The eye tracker was designed for use
ith cooperative human subjects, and making it perform satisfactorily in these

experiments was difficult; therefore, a planned test session often became
merely a training session. During a 4-week period, 97 exposures were made on
the three subjects. For half the exposures the shock paradigm was turned off
for 7 sec immediately after treatment. This was to eliminate, in at least
half the tests, the possibility of the shock logic interfering with the sub-
ject's postexposure reactions or providing nonvisual cues (e.g., cessation of
shock) as to when the cursor reentered the target ring. The "normal" and
"7-sec no-shock" conditions were varied semirandomly, with the constraint that
two of each condition be used for edch test session with a given animal.

Humans

Task--Identical task displays were used for human and macaque subjects.
The 1i-Forcing functions used for the rhesus subjects were also used for the
humans (see Fig. 1). The humans were also given tasks in which the frequen-
cies were increased by a factor of four; this created a more difficult series
of forcing functions, shown in Figure 3. A tracking session for a human sub-
ject consisted of 15 trials with "easy" tasks (identical to those used for the
monkeys) and 15 trials with "hard" tasks. In half the sessions the "hard"
tasks followed the "easy" tasks; in the other half, this order was reversed.
The purpose of the "hard" trials was to approximately equalize the relative
demand on motor skills required for humans and monkeys. Thus, when raw test
scores (time in target) were compared for humans and monkeys, human scores for
"easy" tasks were much higher than those of monkeys; but for "hard" tasks,
human scores were approximately equal to those of monkeys performing the
"easy" tasks.

Subject Training--Eight adult male volunteers were used as subjects. All
were in good physical condition and able to clearly visualize the target and
cursor at the 1-m display distance without artificial eye aids. Pretest
training consisted of 5-10 trials with both "easy" and "hard" forcing func-
tions. The subjects learned the task very rapidly. By the end of the single
training session, all were performing at 85-95% of their eventual raw score
averages. Extensive training was not considered necessary for these tests
since the only relevant data were the tracking error traces during the first
few seconds after a flashblinding treatment.

After each trial, each subject received feedback in the form of a numer-
ical raw score. This was provided by a computer count of data points in which
the cursor was inside the target ring: The computer collected data at 60 Hz,
so a total of 2700 points was possible for each 45-sec trial. Typical raw-
score averages were above 2600 for the "easy" tasks, and 1600-2200 for the
"hard" tasks. Subject motivation was maintained by frequent verbal encourage-
ment (between trials) by the investigator, peer pressure from fellow subjects,
and prizes given for the best single scores and averages for "hard" and "easy"
tasks.

8(



L 5

+1 +t

5- 5

Lai-

CC 5C 1 552 3 4

=`5-
C3I-DC5 15 25 35 45

TIME FROM START OF TRIAL (SEC)

Figure 3. The series of "hard" forcing functions used for half the trials for
human subjects. Ten functions were used altogether: the five
above plus five that were identical except for reversed Y-axis
signs.

Expeimen al Aaratus-- A simplified diagram of the experiment is shownI
in Fur , Tebeam roin the projector lamp was initially aligned so that
it impinged on an artificial human eye (pupil diamieter, 3.5' mm; focal length,
17 ram) placed in the eventual position of the subjects' right eyes durirq
testing. The field lens was then positioned to produJce a 3-nn spot at the
focal plane, and the lamp voltagle was adjusted to produce a continuous output
of 0.207 mW with the shutter open (see "Monkeys--Cxperinmental Apparatus" for [
details). •

During testing a chin rest was used to position a subject's head; the
device was adjustable in the vertical and left/right directions. At the
beginning of a daily session, each subject placed his chin in the rest. The
lamp was then turned on at very low power and the shutter was opened. This
produced a dim light spot in the subject's field of vision, and he adjusted

.3.
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VIDEO IR FILTER

CAMERA UV FILTER

SHU'TT R~t
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IMAGE FIELD LENS

MON ITOR+I

MIRROR
LEFT EYE MASK

Figure 4. Simplified diagram of experimental apparatus for human testing.
All equipment items are identical to those shown in Figure 2 except
for the control stick, which was larger to accommodate subjects'
larger hands.

the chin rest so that the image of the target ring on the TV monitor was cen-
tered in the light spot. Since the light-beam path length remained constant,
these adjustments did not affect the retinal spot size or energy. After this
initial alignment, the shutter was closed and the lamp voltage turned up to
its calibrated value for testing.
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Subjects performed in an open room, with doors closed for isolation.
Room light was adjusted to produce pupil diameters of 3.5 mim in all subjects.
For exposures, the shutter was manually activated at times predetermined by
the investigator. As with the monkey subjects, the 0.1-sec shutter activationtime produced an energy pulse of 20.7 uJ at the retina.

Retinal power levels were checked daily with the 80X meter; an artificial
eye was used in place of the subjects' right eyes (see "Monkeys--Experimental
Apparatus"). Maximum power measured was 0.214 nmW; minimum, 0.199 n14.

Exposure Parameters--Exposure conditions for humans were identical to
those or t e macaque subjects, except that the human pupils were at 3.5 mm
instead of 5.0 mm; therefore, human exposures consisted of 20.7 P J deposited
in a 3-ram retinal spot over a 0.1-sec timespan. There are no ANSI safety
standards for exposures of this type. So for evaluation purposes, these expo-
sures were compared to those produced by two commonly used laboratory
devices--the indirect ophthalmoscope and the fundus camera--and to the ANSI
standard for extended laser beams or diffusely reflected laser sources in the
visible region. All calculations are contained in Appendix A and produce the
following results:

1. Indirect Ophthalmoscope: This instrument continuously illuminates
the retina with a power density 34 times that which would be produced
if the shutter were to remain open continuously in these tests.

2. Zeiss Fundus Camera: This device, at its highest setting, produces a
flash that deposits energy 341 times the density of energy deposited
by the exposures used in this study.

3. ANSI Standard: If the light source used in the present experiments
were an extended or diffusely reflected laser beam of identical
power, the corneal energy density would fall below the ANSI maximum
permissible exposure by a factor of 422.

These comparisons show that the exposures used in these experiments did not
place the subjects at risk during testing. As with the monkeys, each subject
was limited to four exposures per day, with at least one no-event trial
between exposures.

Experimental Procedure--Each subject underwent 5 days of testing. For
each session the projector beam was aligned with the target ring, then 15 tri-
als of either "easy" or "hard" tasks were performed; during this time two
exposures occurred. Subsequently 15 trials of the other type were run, with
two more exposures occurring. Subjects performed in a room isolated from
investigator and monitoring equipment. After each trial, the subject's score
for that trial was given to him verbally by the investigator--who entered the
room for that purpose, then exited before the next trial commenced. During
the 5-day testing period, each subject was exposed 20 times: a total of 160
exposures for the eight subjects.

Iii



RESULTS

Human Data

Figure 5 is a plot of tracking error vs time for a typical trial with
"easy" forcing function; the function is also plotted. This plot illustrates
the normal strategy of the human trackers in these tests: when flashblinded
and unable to visualize the display, subjects merely held the control stick
motionless. This strategy is demonstrated by the fact that the error trace
parallels the forcing function during the flashblinding interval. When sight
returned, the subjects immediately moved the control stick to place the cursor
back within the target ring. The interval between shutter activation (arrow
F in the figure) and the appropriate control motion to bring the cursor back
to the target (arrow R) was taken as the flashblindness recovery time (FBT)
for each exposure.

Sometimes the entire flashblinding incident fell within an interval in
which the forcing function was such that the cursor never left the target
ring. This kind of exposure is shown in Figure 6. The smoothness of the
error trace during the F-R interval, the fact that it parallels the forcing
function, and the sudden control motion toward the center of the target pro-
vide sufficient clues to assign an FBT to this exposure. Such is not the case
with the trial shown in Figure 7. No distinct control movement is evident for
several seconds after exposure; therefore, it could not be assumed thot a
flashblinding event occurred in this trial even though the shutter was acti-
vated at F. Twelve such incidents occurred among the exposures with "easy"
forcing functions.

Figure 8 illustrates an exposure trial with "hard" forcing function.
Note that the error trace shows a considerably larger rms deviation here than
for the "easy" tasks. Nevertheless, the subject used the same strategy (hold-
ing the stick motionless) when flashblinded as shown in Figure 5. This was
typical behavior for all subjects.

Forcing function velocities for the "hard" tasks were such that none of
these trials exhibited the phenomenon shown in Figure 6. For all "hard"
trials in which F-R intervals could be distinguished, the cursor could be seen
to leave the target circle. However, in 14 trials of the type shown in Figure
9, no FBT could be distinguished.

Initial data reduction was accomplished by examining computer-drawn error
traces such as shown in Figures 5-9. Each curve was examined and assigned a
recovery point; if no recovery point was evident, a 0 was assigned the trial
(e.g., Figs. 7 and 9). Then using computer output information, the shutter
activation point was determined and subtracted from the recovery point. The
resulting interval was taken as the FBT for that exposure. This procedure
yielded 61 FBT's and 12 O's for the "easy" trials and 64 FBT's and 14 O's for
the "hard" trials; data were lost in nine exposure trials.
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Table I is a statistical breakdown of FBT's by subject and task diffi-
culty. In calculating mean FBT's, the O's were ignored. This appeared to be
justified because in the initial examination of the data, the O's were a dis-
tinct group: 1) the set of FBT's ranged from 1.3 to 4.3 sec. with only 11
data points below 2.0 sec; and 2) there were no FBT's between 0 and 1.3 sec.
The O's were apparently caused by eye movements and/or blinking at the moment
of exposure; neither of these were under control, although subjects were
instructed to maintain focus on the target ring at all times.

TABLE 1. HUMAN FLASHBLINDNESS RECOVERY TIMES

"Easy" Tasks "Hard" Tasks All Tasks
Subject # Expos FBT - SD # Expos FBT + SD # Expos FST - SD

HI 7 2.7 .3 9 2.7 .3 16 2.7 .3
H2 8 3.5 t .3 9 2.R- . 17 3.2 t .5
H3 8 3.5 ± .3 9 3.8 t .4 17 3.7 ± .4
H4 8 2.2 t .6 7 2.1 t .2- 15 2.2 ± .5
H5 5 2.3 ± .5 4 2.5 ± .6 9 2.4 ± .6
H6 9 2.2 ± .3 8 2.2 ± .3 17 2.2 ± .3
H7 7 3.0 t .3 9 2.8 ± .4 16 ?.9 ± .3
H8 9 2.9 ± .2 9 2.7 ± .2 18 2.8 - .2

ALL 61 2.8 ± .6 64 2.8 ± .6 125 2.8 ± .6

Considering the limited number of trials for each subject, the standard
deviations were quite low; this argues for an "all-or-nothing" phenomenon,
with a near-zero incidence of any partial flashblindness phenomenon. This is
another reason for regarding the O's as being a distinctly separate group of
data.

Table I also shows that distinct intersubject variations existed in mean
FBT, but no significant differences between "easy" and "hard" tasks. Thus,
task difficulty did not seem to be a factor in the determination of FBT in
these experiments. This observation holds for individual and group means.

Rhesus Monkey Data

Figure 10 illustrates a typical macaque exposure trial in the same format
used for human trials (Figs. 5-9). Although the error trace is more irregular
than for the human subjects performing the "easy" tasks, it remains generally
within the boundary of the target ring. Note that during tf-. F-R interval the
error trace does not parallel the forcing function; continuous stick movement
was typical of the rhesus subjects, even while presumably flashblinded.

The monkey data also elicited a number of O's; an example is shown in
Figure 11. The incidence of O's was greater for the rhesus subjects than for
the humans. This difference could be attributed to the fact that, even though
the decision logic activated the shutter only when the eye position was cen-
tered, a finite delay time (approximately 0.1 sec) was inherent in the eye
tracker/decision logic/shutter circuit. This delay, coupled with a higher

18



LA

0.~

C=C

CV)V

--D

C-

'4

LU n

cz > 0

Ln~~~~~L 4% -V cý U)to P C

+I

W3~~~- NIU0l 9IA H

19.



c-

0))

fl

C--

C2

cm AJ

.0

LC2

C2

CU,

700



incidence of random eye movement in the monkey suhiects (these were occasion-
ally monitored during tracking with the infrared video camera described in
METHODS), could account for the differences in the two qroups.

The rhesus monkey exposures also yielded a category of data that was
labeled "indeterminate." An eiample of an indeterminate trial is shown in
Figure 12, with shutter activation indicated as usual. This was a "7-sec no-
shock" condition, so the reinforcement paradigm was turned off for 7 sec after
the flashblinding pulse. The subject, after an initial period of dithering
the control stick, appeared to simply "give up" upon discovering that no shock
was forthcoming. After the 7-sec interval the paradigm once again came into
effect, causing a shock to be presented at S, after which the subject immedi-
ately resumed control. There were three trials of this type, all contributed
by subject M3. Three other trials were also classed as indeterminate because
of sustained high-amplitude dithering after the flash; one of these is shown
in Figure 13. All six indeterminate trials were discarded during data reduc-
tion.

Initial reduction of data was more difficult for rhesus subjects than for
humans. While many trials yielded straightforward FBT's (e.g., Fig. 10), an
equal number required careful examination and considered judgment. The gen-
eral rule for determining the point of visual recovery was that if the subject
performed a control movement to bring the cursor into the target ring (or its
close vicinity), followed by a second control movement to keep the cursor in
the ring or its near vicinity, then recovery was judged to have occurred.
This process is illustrated in Figure 14, with the flash occurring at F as
usual. At points C1 and C2 the subject moved the cursor into (or cjose to)
the target circle, but those movements were immediately followeg by motions
away from the target and so were discarded as potential recovery points. At
point R the cursor was brought into the ring, followed by control movements
with pauses at C3 and C4, both in the near vicinity of the target. Therefore,
R was judged to be the recovery point for this trial.

Sometimes the definition of "near vicinity" was subj'ect to a liberal
interpretation, as in Figure 15. Here an animal adopts the commvon strategy of
dithering the control stick when (presumably) unable to visualize the display
after being flashblinded. For some seconds after F, these motions are inef-
fectual, being centered 3-4 cm above the target. Then at R the dither pattern
appears to move purposefully to become centered about the ring. Therefore, R
was judged to be the recovery point even though subsequent dithering moved the
cursor 1 to 1.5 cm outside the target.

Of the 97 exposuires performed on the three macaque subjects, ,23 were
O's, 6 were indeterminate, and I was lost. The remaining 67 were assigned
FBT's according to the procedures described above. Means 4nd standard devia-
tions, by subject and condition, are given in Table 2.

TABLE 2. RHESUS MONKEY FLASHRLINDNESS RECOVERY TIMES

Normal Paradigm 7-sec No-Shock All Tasks
Subject Expos FBT ± SD O Expos FBT ± SD N Expos FBI ± SO

M1 14 3.7 t 1.5 14 4.3 ± .9 28 4.0 ± 1.3
M2 8 2.6 + .8 11 2.6 ± .9 19 2.6 ± .8
M3 11 2.8 t .5 9 2.7 ± .4 20 2.7 ± .5
ALL 33 3.1 t I.1 34 3.4 ± 1.1 67 3.? t 1.1
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The analyses show no significant differences (t-test. p<.05) between the
"normal" and "7-sec no-shock" conditions for any given subject or for the
grouped data.

Human/Rhesus Comparison

Given the dissimilarity in species and training paradigms, the agreement
in FBT's is good, with no significant difference between the human and macaque
mean FBT's (grouped data: t-test, p<.05). The distribution of FBT's for the
two species is shown in Figure 16; both sets of data appear to be distributed
normally. The major differences are the relatively higher number of O's in
the rhesus data and the presence of an anomalous spike at 5.0-5.9 sec in the
distribution of rhesus FBT's. All data points in this spike were contributed
by subject MI; nost occurred in the "7-sec no-shock" condition.

DISCUSSION

Intersubject variability in human flashblindness recovery has been a com-
mon finding (7, 10, 11). The present experiment, even with low flash inten-
sity and relatively short recovery times, demonstrates a similar variability.
Individual FBT means for the human subjects ranged from 2.2 to 3.7 sec (see
Table 1). However, all subjects seemed to be :onsistent about their mean
FBT's; half had standard deviations of 0.3 sec or less, and only H5 was above
0.5 sec. A similar phenomenon was reported by Severin, who noted that each of
his subjects was "dramatically consistent" in reproducing a given recovery
time for a given exposure (9). Such findings were not well demonstrated in
the macaque suhjects of this experiment. Intersubject variability was diffi-
cult to show with only three subjects, and standard deviations were approxi-
mately twice those of the humans.

Despite some qualitative differences in the data, the human and rhesus
mean FBT's were separated by only 0.4 sec (see Tables 1 and 2). Insofar as
visual tracking of the target/cursor display was performed photopically, these
results appear to support the conclusions of De Valois and Jacobs (3) and
Crawford (1), who assert that cone vision mechanisms and spectral sensitivi-
ties of macaque and human retinae are essentially identical.

Thus, for tests in which simple flashblindness times are to be deter-
mined, the use of rhesus monkey subjects appears to be justified if care is
taken in designing the training paradigm; the possibility of presenting non-
visual cues must be eliminated. With the paradigm used for these studies, the
"7-sec no-shock" condition was apparently not necessary; it caused the elimi-
nation of some data points and possibly raised the mean FBT of subject Ml.

Although FBT's of humans and monkeys showed good agreement, the control
strategies of the two groups differed considerably. In normal tracking (see
Figs. 5-7) the humans tended to exert maximum control over the cursor,
attempting to maintain it very close to the center of the target ring.
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The monkeys, however, tended to exert much less control throughout most of the
trials. They often allowed the cursor to drift near or past the boundaries of
the target before using the control stick to move it back toward the center
(see Figs. 10-15). During the flashblinding episodes these strategies seemed
to reverse; the humans simply held the stick motionless, but the rhesus sub-
jects continued to exert control--and often overcontrolled.

The differences in control strategies would seem to limit the use of rhe-
sus monkeys as human analogues in predicting tracking performance. Especially
suspect would be predictions based on modeling rhesus performance in compen-
satory tracking tasks. Performance measures in which control strategy plays a
minor or secondary role in predicting the effects of an insult to the system
would be more acceptable.

CONCLUSIONS

Humans and rhesus monkeys exhibited similar recovery times after receiv-
ing identical flashblinding treatments during a visual compensatory tracking
task. Individual variations occurred among subjects, but the group means
showed no statistically significant difference.

Rhesus monkeys should be acceptable as human analogues for this specific
performance measure. Performance predictions that depend strongly on method
of tracking, however, would not be justified because of species differences in
control strategies.
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APPENDIX A. PHOTOMETRIC CALCULATIONS

The calculations in this appendix were done for the human exposures.
All quantities except the values calculated for comparison with the ANSI
standard hold also for the rhesus monkeys because pupil diameter and eye
focal length are not used in calculations involving retinal energy density.

Power and Energy of Exposures

To insure that the experimental setup would create illumination over a
large area of the retina, the following steps were taken: (1) An artificial
human eye (pupil diameter, 3.5 mrm; focal length, 17 mm) was placed where the
subject's right eye would be during testing; (2) the light source was turned
on and the shutter opened; (3) a frosted reticle was placed 17 mm behind the
pupil of the artificial eye, and (4) the field lens in the light path was
adjusted so that a 3-mm spot was formed on the reticle. The reticle was then
replaced with a United Detector Technology 80X power meter, and the lamp volt-
age regulator was adjusted to produce a continuous measured output of 0.207 nmW
(shutter open). The detector head was manufactured to reproduce the absorp-
tion characteristics of the human eye.

Since the illuminated retinal area was 7_(0.15)2, the following calcu-
lations apply:

0.207 mWPower density z- at retinal surface

.0707 cm2

= 2.93 mW/cm2

= 2930 uW/cm2 (retinal)

Since exposure durations were fixed at 0.1 sec by the shutter, the total
energy density per exposure was:

Exposure energy density = (2q30 uW/cmx 2 )'(O.l sec)

293 uJ/cm2 (retinal)

This quantity may also be expressed in calories by applying the conver-
sion factor of 0.2389 calories per joule:

Exposure energy density = (293 uJ/cm2 ).(.2389 cal/J)

= 70.0 ucal/cm
2

= 7.0 x 10-5 cal/cm2 (retinal)
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Ur
Comparison with Indirect Ophthalmoscopel

The indirect ophthalmoscope illuminates the retina with 0.1 W/cm2 .
Comparing this to the power of the source in the present experiments:

Ophthalmoscope: 100,000 uW/cm2

These experiments: 2930 PW/cm2

"Safety factor" 100,000
2930

This "safety factor" is extremely conservative. At times the ophthalmo-
scope might be in continuous use for a minute or more, but the exposures of
this experiment are for only 0.1 sec. The total energy deposited on the re•-
ina for one 60-sec session witP an ophthalinoscope would be 6,000,000 pJ/cm
as compared with the 293 uJ/cm per exposure for this experiment--a factor of
more than 20,000.

Comparison with Fundus Camera Flash'

The highest sitting on a Zeiss fundus camera produces a 4-msec flash,
depositing 0.1 J/cm on the retina. Thus the comparison:

Fundus camera: 100,000 wJ/cn2  (retinal)

These experiments: 293 uJ/cm2  (retinal)

"Safety factor" 100,000 _
293

This calculation also is conservative. The fundus camera deposits its
total energy in 4 msec, compared to the 100 msec for the present experiments.
Therefore, the 2peak power density produced by the camera is at least
25,000,000 uW/cm , as opposed to the 2930 VW/cm2 of these tests. So the peak
power generated by the highest setting of the Zeiss camera is at least 8532
times that of the present experiments. Also, the fundus camera requires a
high level of preillumination for focusing prior to the picture-taking flash.

ACGIH/ANSI Standard for Extended Laser Sources

The American Congress of Governmental and Industrial Hygienists (ACGIH)
and ANSI both use the same maximum permissible exposure (MPE) for viewing
extended laser sources or diffusely reflected laser light in the visible

'Energy and power levels for the indirect ophthalmoscope and Zeiss fundus
camera were obtained by personal conmunication with Dr. Frank Delori of the
Retina Foundation, Boston, Massachusetts.
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(400-700 nm) region. Though the present exposures are only to noncoherent
light, a comparison with this quasi-official laser standard is in order. The
ACGIH/ANSI limit in the visible region is based on exposure duration and solid
angle (in steradians) subtended by the source:

3
MPE (ACGIH/ANSI) = 1O./t-J/cm2 -sr (corneal)

The solid angle subtended by the light source in these experiments can be
calculated in the following manner:

Source solid angle Area of retinal spot .0707 cm2

(Focal length of eye) 2  (1.7 cm) 2

= .0245 sr

Therefore, for the 0.1-sec exposures in the present experiments, the ACGIH/
ANSI limiting value would be:

3
MPE (ACGIH/ANSI) = (10. l.T J/cm2-sr)'(.0245 sr)

= .1135 J/cm2

= 113,500 uJ/cm2 (corneal)

To find the corneal energy density for the present exposures, assume a
transmissivity of 0.8 through the ocular media, and an effective area ratio of
(3.5/3.0)2 z 1.361. This figure is derived from the fact tnat the pupil diam-
eter was 3.5 mm in these tests, as compared to the 3.0-mm retinal spot diam-
eter. Therefore,

Corneal energy density = Retinal energy density
(Transmissivity)'(Area ratio)

293 PJ/cm
2

(.8).(1.361)

= 269 uJ/cm2 (corneal)

These experimental exposures and the ACGIH/ANSI standard for extended
laser sources or diffuse reflections from laser sources can now be compared:
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MPE (ACGIH/ANSI): 113,500 uJ/cm2 (corneal)

These experiments: 269 uJ/cm2  (corneal)

"Safety factor" = 113,500 = 422
269

This "safety factor" should theoretically apply only to coherent illumi-
nation. A good argument can be made, however, for its relevance to the pres-
ent experiments with an incandescent source because (1) no real differences
between coherent and noncoherent light have been discovered with respect to
eye damage vs energy deposition on the retina, and (2) retinal damage thresh-
olds seem to be relatively independent of wavelength in the visible region.
Also, the calculated "safety factor" is quite conservative because the ACGIH/
ANSI limit is derived assuming a 7-mm pupil diameter. The pupil diameters in
the present tests were 3.5 mm, so a working "safety factor" of 4"422 = 1688
was achieved.
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